Growth rates of Neisseria sicca in batch cultures were controlled by changing aeration rates. Organisms cultured at high aeration rates grew more rapidly and had a greater proportion of lipopolysaccharide (LPS) than had organisms grown at low aeration rates. The LPS isolated from bacteria grown at a rapid rate had higher hexosamine and 3-deoxyoctulosonic acid (KDO) contents and higher galactosamine to glucosamine ratios than LPS from bacteria grown at a slower rate. These results indicated that environmental conditions affected the content and composition of the bacterial LPS. The LPS of organisms from highly aerated cultures had a larger percentage of unsaturated fatty acids than had that from organisms grown under conditions of low aeration, suggesting that oxygen-dependent desaturation of fatty acids had occurred.
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SUMMARY
Growth rates of Neisseria sicca in batch cultures were controlled by changing aeration rates. Organisms cultured at high aeration rates grew more rapidly and had a greater proportion of lipopolysaccharide (LPS) than had organisms grown at low aeration rates. The LPS isolated from bacteria grown at a rapid rate had higher hexosamine and 3-deoxyoctulosonic acid (KDO) contents and higher galactosamine to glucosamine ratios than LPS from bacteria grown at a slower rate. These results indicated that environmental conditions affected the content and composition of the bacterial LPS. The LPS of organisms from highly aerated cultures had a larger percentage of unsaturated fatty acids than had that from organisms grown under conditions of low aeration, suggesting that oxygen-dependent desaturation of fatty acids had occurred.
I N T R O D U C T I O N
Considerable evidence has shown that the composition of wall polymers of several species of Gram-positive bacteria can be controlled by growth of the organisms in chemostats with different nutrients limiting growth (Tempest, Dicks & Ellwood, 1968 ; . Recently environmental conditions during growth have been shown to affect the composition of wall lipopolysaccharide (LPS) of Gramnegative Enterobacteriaceae. Quantitative differences in amounts of amino sugars and unknown reducing components were found in the LPS of Citrobacter freundii when batch cultures were grown in glucose or arabinose and at 5 or 45" (Korczynski & Wheat, 1970). When Aerobacter aerogenes was grown at a steady state in a chemostat, the ratio of the LPS components, heptose : 3-deoxyoctulosonic acid (KDO), varied with changes in growth rate and with the nature of the growth limitation .
A previous paper (Adams, 1971 ) reported on the chemical composition of the LPS isolated from Neisseria sicca grown in a large batch (85 1.). In the present paper it is shown that both the yield and chemical composition of the LPS isolated from N. sicca varied when the growth rate of the organism was varied by changing the aeration rate. Four 1. baffled Erlenmeyer flasks containing 1-25 1. amounts of TS brothfo.1 yo yeast extract and 0.27~ sodium succinate (TSYS) were inoculated with 10% starter culture and were incubated with shaking (roo rev./min.) at 2 5 ' . Growth was followed by determining the turbidity (E) at 660 nm. Before organisms were harvested by centrifugation, phenol was added to cultures to give a final concentration of 0.5% (or alternatively cultures were heated at 121" for 5 min.).
Stirred jar fermentors (New Brunswick Scientific, Microferm, 7 I.) containing 5 1.
amounts of TSYS broth were inoculated with 10% starter. Cultures were maintained at 25" with controlled stirring (800 rev./min.) and aeration rates (high = 1500 ml. air/ min.; low = 15 ml. air/min.). Growth was followed by determining turbidities (E) at 660 nm. At the completion of a run, phenol was added to give a final concentration of 0.5 %.
Organisms collected from stirred jars and shake flasks were harvested, washed twice with distilled water and freeze-dried.
Isolation of ZipopoZysaccharide (LPS). Lipopolysaccharides were extracted from the freeze-dried bacteria according to the phenol procedure of Westphal, Luderitz & Bister (1952) . The water-soluble phase was dialysed for 48 h. and the crude LPS was recovered by freeze-drying. The freeze-dried material was suspended in water and an insoluble fraction was removed by centrifuging for 20 min. at 44,ooog. The soluble portion was then centrifuged for 8 h. at 105,000 g and the LPS which sedimented as a clear gel was recovered as a white powder by freeze-drying.
AnaZyticaZ methods. For sugar analyses, the LPS preparations were hydrolysed in IN-H~SO, for 12 h. at 100" and neutralized with barium carbonate. Sugars were separated by paper chromatography using pyridine + ethyl acetate + water (2 : 5 : 5) solvent as described previously (Adams, Kates, Shaw & Yaguchi, 1968) . Neutral sugars were detected by alkaline silver nitrate (Trevelyan, Proctor & Harrison, 1950) and by p-anisidine hydrochloride (Hough, Jones & Wadman, 1950) , amino sugars were detected by the Morgan-Elson reagent (Morgan & Elson, 1934) and by ninhydrin (1.0 % in acetone). Hexosamines were released from the LPS preparation by hydrolysing with ~N-HCI for 5 h. Acid was removed by repeated distillation with water under reduced pressure at 35". The hexosamine and sugar components were reduced and acetylated and the derivatives were analysed on a Pye Argon chromatograph with a column packing of 10% (w/w) neopentyl glycol sebacate polyester at 203" (Adams et aZ. 1968) . Quantitative estimation of the glucosamine : galactosamine ratio was made on the Technicon auto analyser using appropriate hexosamine
203
Lipopolysaccharide composition of N. sicca standards ; 3-deoxyoctulosonic acid (KDO) was determined colorimetrically (Weissbach & Hurwitz, 1959) . For analysis of fatty acids, LPS preparations were hydrolysed with methanolic hydrochloric acid (methanol, 3-5 ml. ; concentrated HCl, 1-5 ml.) essentially as described previously (Adams et al. 1968 ). The fatty-acid methyl esters were extracted with petroleum ether + ethyl ether (I : I) and were analysed by gasliquid chromatography with a column packing of 10 yo butanediol succinate polyester (Adams et al. 1968 ) at 170".
RESULTS
Preliminary experiments showed that both the rate and extent of growth of Neisseria sicca were increased considerably by the inclusion of 0.1 % yeast extract in TS broth.
When various carbon sources were added together with yeast extract, the amount of growth of N. sicca was greater in the medium with 0.1 % sodium succinate than in the other media tested ( Table I ). Carbohydrates such as glucose, sucrose or maltose were without effect possibly because of the high carbohydrate content of the basal medium. LPS from N . sicca grown in TS broth and in TS broth containing yeast extract and sodium succinate (TSYS) were compared ; no compositional differences were detected. Therefore to ensure large crops, N . sicca was grown in TSYS broth. Cultivation of Neisseria sicca under conditions of high or low aeration in stirredjar fermentors resulted in marked difference in growth rates (Fig. I) . Doubling times of cultures grown at the high aeration rate were about 2 h. (four trials), those of cultures grown at the low aeration rate were about 8 h. (two trials). Some variation occurred between replicates probably because of slight differences in the flow rates of air, particularly at the low values.
The data presented (Tables 2, 3 ) are for the composition of LPS from cultures whose growth is shown in Fig. I . Other LPS samples, prepared from organisms taken at later times (e.g. 20 h.) from highly aerated cultures and at earlier times (e.g. 12 h.) from slowly aerated cultures, gave similar results. The yield of Neisseria sicca LPS (mg./g. dry weight of bacteria) was considerably greater from highly aerated than from slowly aerated cultures (Table 2 ). In addition, the carbohydrate composition of the LPS varied with the growth conditions. LPS isolated from organisms grown at a rapid rate had a greater percentage of KDO and hexosamine and had a higher ratio 
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of galactosamine to glucosamine than that isolated from organisms grown at a slower rate. The only neutral sugar detected in either sample was glucose. When the organisms were grown in baffled flasks on a shaker, growth rates were about the same as in stirred-jar fermentors at the high aeration rate. The LPS of organisms from shake cultures had essentially the same glucosamine to galactosamine ratio and the same fatty-acid composition as LPS of organisms from highly aerated cultures (see Tables 2, 3 ). However, when shake-flask cultures were heated to kill the bacteria before they were harvested, the yield of LPS (mg./g. dry cells) was about 75 % of the amount obtained from unheated orgainsms. LPS isolated from heated Hexosamines (% of LPS)?
32-1 9'3
Fatty acids (% of LPS)
8-8 7'7 1.0: 1-6 * High = 1500 ml. air/min.; low = 15 ml. air/min. t Glucose was the only neutral sugar found.
Lipopolysaccharide composition of N. sicca 205 bacteria contained almost no galactosamine, indicating that a galactosamine-containing fragment was removed by heating the organisms under alkaline conditions. The above treatment (121" for 5 min. at pH 8.4 to 8.8) may give a product similar to that obtained by alkaline extraction (56" for 5 h. at 0.25 N alkali) of Enterobacteriaceae (Luderitz, Staub & Westphal, 1966) . Although the amount of fatty acids in LPS from organisms grown under high and low aeration conditions was about the same (Table 2) , the fatty-acid composition of the LPS was affected by the conditions of growth (Table 3) . LPS from highly aerated bacteria had most of the C 18 acids present as the monounsaturated acid (C 18 : I) whereas that from the slowly aerated organisms had about one-half of the C 18 acids present as the saturated acid (CI 8 : 0). These results suggest that Neisseria sicca forms monounsaturated fatty acids by direct, oxygen-dependent desaturation of the corresponding saturated acids (Kates, 1966). Table 2 .
7 The first number gives the chain length, the second gives the number of double bonds, 2 On 10 % butanediol succinate polyester at 170'.
DISCUSSION
That the composition of most components of the bacterial cell can be influenced by changes in environmental conditions during growth has been observed frequently. For example, variations in amounts and composition of polysaccharides (Herbert, 1961 )~ ribosomes (Sykes & Tempest, 1965 ), lipids (Shaw & Ingraham, 1965 Brown & Rose, 1969) and cell walls (Young, 1965) have been found to occur, but it has only recently been stressed that a wide range of variations can occur in the composition of the bacterial walls (Ellwood, Turner, Hunter & in response to changes in bacterial growth rate and in the growth environment (Korczynski & Wheat, 1970) .
Changing the growth rate of Neisseria sicca by varying the aeration rate resulted in changes in the yield and in the carbohydrate composition of the isolated LPS. Because growth rates and aeration rates were not varied independently it is not possible to say whether the changes in LPS were due to altered growth rates, to altered aeration rates or to the combination of both. However, low growth rates of N. sicca, induced by oxygen limitation, resulted in the isolated LPS having a low KDO and low hexosamine content and a low ratio of galactosamine to glucosamine. Thus, N. sicca behaved in a manner very similar to that of Aerobacter aerogenes growing under carbon limitation in a chemostat . If the LPS of N. sicca can be taken as a measure of wall substance then clearly the amount of wall changed in response to changes in the growth rate. The chemical cornposition of the LPS isolated from N . sicca changed also. noted that cell wall KDO and heptose are both contained in a single wall polymer (the LPS layer) and that in A . aerogenes the ratio of KDO to heptose varied with the growth rate and with the nature of the growth limitation. It is not known whether changes in the composition of the LPS isolated from N. sicca were the result of changes in the ratio of two or more LPS fractions that responded independently to changes in the growth or to changes in the ratio of components of a single LPS molecule. It is clear, however, that the material isolated as LPS from N . sicca varied markedly in composition depending upon (a) the environmental conditions during growth and (6) the treatment given to cells (e.g. heat) prior to isolation of the LPS. It seems possible also that treatments used during the purification of LPS (e.g. selective acetylation; Adams, 1971) could markedly affect the composition of the final product.
Thus it is becoming abundantly clear that changes in the growth environment can lead to variations in composition of bacterial walls and of isolated LPS. Cognizance of these changes, therefore, is essential in any study of the composition of bacterial walls or LPS. That control of LPS composition by control of environment might be applied to the production of organisms with enhanced antigenicity has already been proposed . It seems possible also that control of changes in LPS composition might be useful in relating structure to antigenic response.
